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Abstract

Purpose The aim of this study was to identify the disease-causing mutations found in three infertile female patients who
were diagnosed with abnormal zona pellucida (ZP) and empty follicle syndrome (EFS).

Methods We performed whole-exome sequencing and Sanger sequencing to identify and verify the disease-causing muta-
tions. Additionally, we performed Western blotting and mini-gene splicing assay to assess the effects of the mutations.
Results We identified two novel compound heterozygous mutations in the ZP2 gene, a patient with an abnormal ZP carry-
ing a novel compound heterozygous mutation (c.1695-2A>G and ¢.1831G>T, p.V611F) and a patient with EFS carrying
a novel compound heterozygous mutation (c.1695-2A>G and c.1924 C>T, p.R642*). Furthermore, we identified a patient
with typical abnormal ZP carrying a novel heterozygous mutation (c.400G>T, p.A134S) in the ZP3 gene. The splice site
mutation (c.1695-2A>G) can cause abnormal pre-mRNA splicing that inserts an extra sequence of 61 bp in the mRNA of
ZP2, and the missense mutation (c.1831G>T) can cause a decrease of ZP2 protein in HEK293 cells.

Conclusion We identified three novel mutations in the ZP2 gene and the ZP3 gene in three Chinese female patients with
infertility. Our study expands the spectrum of ZP gene mutations and phenotypes and thus is beneficial in the genetic diag-
nosis of infertility in females.
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Introduction are one of the major causes of female infertility, manifested

as abnormal zona pellucida, empty follicle syndrome, and

Female infertility is a disease characterized by a woman who
is not diagnosed with a clinical pregnancy after 12 months
of regular unprotected sexual intercourse [1], and it is a
global health and social problem with an estimated 48 mil-
lion women suffering from infertility [2]. Unhealthy oocytes
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oocyte degeneration.

The zone pellucida (ZP) is a thick extracellular coat of
glycoproteins synthesized during follicular development and
surrounds all mammalian eggs. The human ZP matrix is a
highly organized, dynamic structure consisting of four gly-
coproteins designated as ZP1, ZP2, ZP3, and ZP4[3, 4]. The
ZP is critical for oogenesis, fertilization, and early embryo
development. During the final stages of oogenesis, ZP pro-
vides nutrition and supports the growth of oocytes; during
fertilization, ZP regulates the species-restricted interaction
between sperm and oocytes and participates in preventing
polyspermy, and during the early stage of embryo develop-
ment, ZP surrounds the embryo and serves as a protective
barrier until implantation of the blastocyst occurs in the
endometrium [4-9].

Mutations in ZP1, ZP2, ZP3, and ZP4 genes could
cause abnormal ZP, empty follicle syndrome (EFS), and
oocyte degeneration [3, 10]. Abnormal ZP indicates ZP
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dysmorphology such as dark ZP, thin ZP, lack of ZP, large
perivitelline space, and oval-shaped or irregular-shaped ZP
[11]. EFS is defined as a condition whereby no oocytes are
obtained in assisted reproductive technology (ART) while
follicle development and hormone levels appear normal [12].
And, thin ZP is defined as embryos that have zonae less than
13 microns [13].

In our study, we sampled three patients with female infer-
tility, and through genetic analysis, we identified two novel
compound heterozygous mutations in the ZP2 gene (c.1695-
2A>G, c.1831G>T and ¢.1695-2A>G, ¢.1924 C>T). Addi-
tionally, we observed an infertile female with abnormal ZP
who carried a novel heterozygous mutation in the ZP3 gene
(c.400G>T, p.A134S). Our study serves to expand the spec-
trum of ZP gene mutations and phenotypes.

Materials and methods
Human subject

Seventy-four females were collected because of primary
unexplained infertility and 21 of them were diagnosed
with abnormal ZP and/or EFS in IVF at the Reproductive
Medicine Center, Tongji Hospital, Tongji Medical Col-
lege, Huazhong University of Science and Technology.
All patients in this study signed written informed consent
for publication of the details of their medical case and any
accompanying images.

Controlled ovarian hyperstimulation (COH)
and oocytes retrieval

All infertile females received hormone measurement, Miil-
lerian hormone (AMH), antral follicle count (AFC) to assess
ovarian function. The ovarian stimulation protocols carried
out in the three patients reported here were gonadotrophin-
releasing hormone agonist (GnRH-agonist) protocol, a
detailed description of it was presented as before [14]. Ten
thousand IU recombinant HCG was administrated for the
trigger when two or three dominant follicles with a diameter
of more than 18 mm could be observed. Oocytes’ retrieval
was performed by guided transvaginal ultrasound 36-38 h
after HCG triggering.

Insemination and embryo culture

Males received semen evaluation according to the World
Health Organization (WHO) 2010 criteria [15] before they
performed in vitro fertilization (IVF). For IVF patients,
30,000 motile spermatozoa were co-incubated with oocytes
in IVF medium (Vitrolife, Sweden) 3—-4 h after oocytes
retrieval, and degranulation took place 4 h after fertilization
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to observe whether the second polar appear or not. Early res-
cue intracytoplasmic sperm injection (ICSI) would perform
if the second polar was not observed within 6 h after ferti-
lization. For patients who received intracytoplasmic sperm
injection (ICSI), cumulus-oocyte complexes (COCs) were
cultured in IVF medium (Vitrolife, Sweden) after oocytes
retrieval for 2-3 h, afterwards transferred to 801U hyaluro-
nidase (Vitrolife, Sweden) followed by mechanical pipetting
to remove cumulus cells for denudation. Denuded oocytes
were cultured in a G1-plus medium (Vitrolife, Sweden) for
1-2 h before sperm injection. After sperm to be injected was
immobilized and fixed, adjusting the denuded oocyte so that
the polar body of the oocyte is located in the position of 12
or 6 o’clock. The sperm was pushed by the injection needle
at the position of 3 o’clock and entry into the endochylema.
The presence of two pronuclei (2PN) 16—18 h after insemi-
nation was regarded as successful fertilization. The quali-
ties of fertilized zygotes were assessed on day 2 and day 3,
one or two embryos with the best quality were transferred.
Redundant embryos with high quality were cryopreserved or
extended culture to blastocyst for cryopreservation.

Clinical characteristics of the patients

In this study, the detailed data of hormone measurement,
Miillerian hormone (AMH), and antral follicle count (AFC)
from the patients were shown in Supplementary Table 1, and
the detailed data of semen analyses of the patients’ husbands
were shown in Supplementary Table 2.

Patient 1 from family 1 was a 34-year-old female who had
experienced primary infertility for 9 years. Her three sisters
did not have a history of infertility, and the semen examina-
tion of her husband did not indicate infertility. The chromo-
somal karyotype of the female was 46, XX, and that of her
husband was 46, XY. Her first cycle of conventional IVF
failed to lead to fertilization (December 17, 2020). Nineteen
oocytes were obtained after denudation but all were found to
be abnormal with a thin ZP matrix and enlarged perivitelline
space (Fig. 1a). Subsequently, early rescue intracytoplasmic
sperm injection (ICSI) was performed. Ten zygotes of 2 pro-
nuclei (2PN) were formed, and one embryo was transferred
on day 3 but failed to implant.

Patient 2 from family 2 was a 25-year-old female who
had experienced primary infertility for 3 years. Her chro-
mosomal karyotype was 46, XX. She underwent two cycles
of controlled ovarian hyperstimulation (COH) treatment.
In the first cycle (November 23, 2018), 8 follicles with a
diameter of more than 14 mm were aspirated while only
3 cumulus-oocyte complexes (COCs) with obscure struc-
tures were obtained, and after hyaluronidase digestion,
they turned out to be empty follicular and no oocytes were
obtained (Fig. 1c). In the second cycle (April 9, 2019), 13
follicles with a diameter of more than 14 mm were aspirated
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Fig.1 Morphology of oocytes from patients. a The oocytes and
embryos development from patient 1. ZP was found to be abnor-
mal with a thin ZP matrix and enlarged perivitelline space. b The
oocytes of patient 2 in her second cycle of IVF showed a very thin
ZP and exhibited abnormal structure. ¢ Cumulus-oocyte complexes

37 h after HCG triggering, and 5 COCs were obtained but
still exhibited obscure structures. After denudation, one
had degenerated, and four oocytes were obtained with one
exhibited lack of ZP and the rest of three exhibited abnor-
mal morphologies. After ICSI, only two 2PN zygotes were
obtained and developed poorly (Fig. 1b). At last, one zygote
was cryopreserved 6 days later at the blastula stage. A month
after ICSI, the patient received frozen-thawed embryo trans-
fer (FET) but failed to become pregnant.

Patient 3 from family 3 was diagnosed with infertility due
to diminished ovarian reserve; she was 32 years old and had
experienced primary infertility for 6 years. She received two
COH cycles. In the first cycle, 2 COCs were obtained, and
after denudation, one had degenerated, and another one was
situated at the germinal vesicle (GV) stage. In the second
cycle, three oocytes were obtained, but all of them were of
poor quality with thin ZP and abnormal oocyte morphology
(Fig. 1d). Both the following round of IVF was canceled
after her two CHO cycles because of the poor quality of
oocytes.

Whole-exome sequencing

Whole-exome sequencing was used to identify the disease-
causing mutations in these patients. Peripheral blood sam-
ples were obtained from the patients and their family mem-
bers. Genomic DNA was extracted from peripheral blood

(COCs) from patient 2 exhibited obscure structures and turned out to
be empty follicular after hyaluronidase digestion in her first cycle of
IVE. d Oocytes of poor quality with thin ZP and abnormal morphol-
ogy from patient 3 in her second cycle of IVF

using the potassium acetate (KAC) method and genomic
DNA of affected individuals was processed and sequenced
with 150-bp paired-end reads on a HiSeq2000 sequencer
((Tllumina, USA). SNPs and variants within intergenic and
UTR regions and synonymous mutations were detected and
removed. Detailed methods for whole-exome sequencing
and data analysis were described as before [16].

Sanger sequencing

All pathogenic mutations were confirmed by Sanger DNA
sequencing. Polymerase chain reactions (PCR) were per-
formed in 50 pl of standard PCR buffer containing 20 ng
of human genomic DNA. Products were purified using
the CWBio Gel Extraction Kit (CWBio, China). Sanger
sequencing was then performed using the BigDye Termi-
nator Cycle Sequencing v3.1 kit and an ABI 3500 Genetic
Analyzer (Applied Biosystems, USA).

Plasmid construct

Human ZP2 gene cDNA plasmid was provided by Lei
Wang’s laboratory at Fudan University [9]. Full-length
cDNA of the ZP2 gene was cloned into a pEGFP-C1 vector.
Mutations (c.1831G>T, p.V611F and c.1924C>T, p.R642%)
in ZP2 were synthesized by Mut Express II Fast Mutagenesis
Kit V2 (Vazyme, China). Furthermore, splice site mutation
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(c.1695-2A>G) in ZP2 was constructed and inserted into
the pcDNA 3.1(+) vector. All plasmids were confirmed by
enzyme digestion and DNA sequencing.

RNA extracted and reverse transcription (RT)-PCR

To determine whether the ZP2 ¢.1695-2A>G mutation
affects the splicing of mRNAs, pcDNA3.1-ZP2-WT (wild-
type mini gene of ZP2 gene was cloned into the plasmid,
the mini gene including genomic sequence from intron 11
to exon 17 of ZP2 gene), pcDNA3.1-ZP2-MUT (mutant-
type mini gene of ZP2 gene was cloned into the plasmid),
and the control pcDNA3.1 (+) plasmid were transfected
into HEK293T cells using Lipofectamine 2000 (Vazyme,
China) separately. After 48 h, total RNA was extracted using
a Trizol kit (Takara, Japan), and cDNA was obtained using
HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, China).
Primers for second-strand synthesis included a forward
primer (5'-ggctgctaacccactttctctgaca-3') and a reverse primer
(§'-ctgggaggctgactgtcattttctc-3").

Western blot

Forty-eight hours after transfection, total proteins were
extracted from HEK293T cells and radioimmunoprecipi-
tation (RIPA) lysis buffer (Beyotime, China) supernatants
were collected by centrifugation at 12,000 g for 30 min, and
5 X loading buffer was added and heated for 10 min at 95
°C. Total proteins were separated in 10% SDS-polyacryla-
mide gel electrophoresis (SDS-PAGE) gels and transferred
to polyvinylidene difluoride (PVDF) membranes. The pri-
mary antibodies used were against GFP (1:2000 dilution;
ABclonal, China) and GAPDH (1:2000 dilution, ABclonal,
China), and the secondary antibody was horseradish-per-
oxidase (HRP)-conjugated goat anti-mouse IgG (1:10,000
dilution; CWBio, China).

Results

Genetic analysis identified mutations in the ZP2
gene and in the ZP3 gene

Whole-exome sequencing was used to identify the mutations in
disease-causing genes of female infertility, with the mutations
confirmed via Sanger DNA sequencing. Additionally, we
only identified the mutations in ZP2 or ZP3 but did not
find any mutations in other disease-causing genes of female
infertility. Two novel compound mutations (c.1695-2A>G,
¢c.1831G>T, and c.1695-2A>G, ¢.1924C>T) in the ZP2 gene
were identified in patient 1 (Fig. 2) and in patient 2 (Fig. 3),
respectively. And, patient 3 carried a novel heterozygous
mutation in the ZP3 gene (c.400G>T, p.A134S) (Fig. 4).
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Expression of wild-type and mutant-type ZP2
proteins in HEK293T cells

As indicated by Western blot analysis, the expression of
mutant ZP2 proteins (c.1831G>T, p.V611F) was signifi-
cantly decreased (p <0.01), and the mutant ZP2 gene that
carries the missense mutation (c.1924C>T, p.R642%*) gener-
ated truncated proteins (Fig. 5a).

Transcription analysis of wild-type and mutant-type
ZP2 mini gene

RT-PCR analysis of ZP2 mRNA from total RNA obtained
from cells transfected with pcDNA3.1-WT ZP2 mini gene
and transfected with pcDNA3.1-MUT ZP2 mini gene.
Sanger sequencing showed that the PCR products from
cells transfected with the mutant-type ZP2 gene were 61-bp
longer than cells transfected with the wild-type ZP2 gene,
as shown in Fig. 5b. No PCR products were detected in the
cells transfected with the control vector. Further sequenc-
ing analysis showed that the 61-bp unspliced sequence con-
tained the sequence in intron 14 of the ZP2 gene (Fig. 5¢).
The full-length sequence of the PCR products from the cells
transfected with the mutant-type ZP2 mini-gene is shown in
Supplementary Figure 1. Thus, the splice site mutation of
c.1695-2A>G in ZP2 could lead to abnormal pre-mRNA
splicing and insert an extra sequence of 61 bp in the mRNA
of ZP2 and may lead to the production of premature stop
codons, which would further affect the function of the ZP2
protein.

Discussion

In our study, we sampled three independent patients suf-
fering from primary infertility. Patient 1 from family 1
exhibited an abnormal ZP and carried a novel compound
heterozygous mutation (c.1695-2A>G and c.1831G>T,
p-V611F) in the ZP2 gene. Patient 2 from family 2 exhib-
ited EFS and carried a novel compound heterozygous
mutation (c.1695-2A>G and ¢.1924C>T, p.R642%*) in
the ZP2 gene. Patient 3, who suffered from typical thin
ZP, carried a novel heterozygous mutation (c.400G>T,
p.A134S) in the ZP3 gene. Both patients from family 1
and family 2 carried the same splice site mutation (c.1695-
2A>G@G), which led to the insertion of a 61-bp intron
sequence that may cause premature termination of the ZP2
protein. Furthermore, the missense mutation (c.1831G>T,
p-V611F) of the ZP2 gene could decrease the expression
level of the ZP2 protein. The p.R642* mutation of the
ZP2 gene was also previously researched by our labora-
tory, which was observed to cause premature termination
of the protein and to produce a truncated protein, and was



Journal of Assisted Reproduction and Genetics (2022) 39:1205-1215 1209
d V611
Family 1 l

H.sapiens SEAHVLSSL|VYFHCSALIG

() P.troglodytes SEAHVLSSL|V[fFHCSALIC

1 s M.mulatta SEAHVLSSL|VIYFHCSALIG

C.lupus SEAQVLSSL|VIYFHCTALIG

B.taurus SEDPAFSHL|VIYFHCSALIG

M.musculus SEARGLSSL|I[YFHCSALIC

R.norvegicus SESRGLSSL|I[YFHCSALIC

M1 2 I3 I0:4 G.gallgS. SGDKALPGLJVIYFHCSVLIG

= X.tropicalis LGGDTSSNL|V[fFHCHAILIGC

E BB EEEEESNE _EEENE EEEEsm

C TGTCTTCZC G K TCT cC T TOCZC C

11:4
Patient

I:1
Unaffected father

Wil

c.1695-2A>Gl

I:2
Unaffected mothg\r

I:1
Unaffected sister
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heterozygous mutation of the ZP2 gene. Patient 1, II-4, carries the
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compound heterozygous mutations and unaffected family members
only carry a heterozygous mutation. ¢ The amino acid sequence
alignment of the ZP2 protein from different species shows that the
V611 residue is highly conserved during evolution
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Fig.3 DNA sequencing of ZP2 gene in family 2 and the amino acid
sequence alignment of ZP2 protein. a Pedigree of family 2. b DNA
sequencing shows compound heterozygous mutation of the ZP2 gene.
Patient 2, II-2, carries the compound heterozygous mutations and

further confirmed in this study [17]. The patient in fam-
ily 3 carried the heterozygous mutation in the ZP3 gene
(c.400G>T, p.A134S) and exhibited the typical ZP abnor-
mality characterized by oocyte degeneration. The position
of ZP3 was also previously reported in a sterile female
with abnormal ZP and oocyte degeneration who carried
the mutation of c.400G>A, p.A134T [10].

We also verified the effect of protein expression of variant
p-V611F and p.R642* in the ZP2 gene in Chinese hamster
ovary (CHO) cells by Western blotting, which corresponded
with HEK293T cells. Furthermore, using a confocal micro-
scope, we evaluated the location of ZP2 proteins in CHO
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Forward Sequence

bl

unaffected family members only carry a heterozygous mutation. ¢
The amino acid sequence alignment of the ZP2 protein from differ-
ent species shows that the R642 residue is highly conserved during
evolution

cells, with both the wild-type and mutant-type ZP2 proteins
observed to be located in the cytoplasm (data not shown).
ZP is critical during oogenesis, fertilization, and early
embryo development. Using high-resolution scanning elec-
tron microscopy, it was revealed that, the ZP is a meshwork
of thin interconnected filaments, in which ZP2 and ZP3 form
heterodimers and polymerized into long fibrils, with ZP1
and ZP4 interconnected in [8, 18, 19]. It was reported that
the ZP matrix of all eutherian mammals has both ZP2 and
ZP3 [18]. In mice, female mice lacking either ZP2 or ZP3
are unable to form a ZP and are infertile [20, 21]. But several
studies indicated that mutations in the ZP] gene and the ZP4
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Fig.4 DNA sequencing of ZP3 gene in family 3 and the amino acid
sequence alignment of ZP3 protein. a Pedigree of family 3. b DNA
sequencing shows a heterozygous mutation in patient 3 of the ZP3

gene could also cause abnormal ZP and are related to female
infertility in humans. Mutations in the ZPI gene could cause
EFS[17, 22-28], lack of ZP[9, 29-31], enlarged ZP[31], and
oocyte degeneration [32]. And, mutations in the ZP4 gene
could cause thin and irregular ZP [33].

Mutations in the ZP2 gene and the ZP3 gene could also
affect the zona pellucida and cause infertility, not only indi-
cated by this study but also demonstrated by a set of reports.
In 2017, Chen et al. identified a patient with EFS due to the
heterozygous mutation (c.400G>A, p.Alal34Thr) in the ZP3
gene, which the mutation affected the interaction between
ZP2 and ZP3. Thus, oocyte degeneration and empty COCs
resulted [10]. Cao et al. also reported the same heterozygous
mutation in the ZP3 (c.400G>A, p.Alal34Thr) gene in a
primary infertility patient with ZP-free oocyte and degen-
eration. The corresponding in vivo study revealed that the
A134T mutation can also reduce the interaction between
ZP2 and ZP3 and affect the secretion of ZP proteins [30].
Yang et al. reported two novel heterozygous mutations in the
ZP2 gene (c.1599G>T, p.R533S and c.1696T>C, p.C566R)
in patients suffering from oocyte morphological defects [32].

gene. ¢ The amino acid sequence alignment of the ZP3 protein from
different species shows that the A134 residue is highly conserved dur-
ing evolution

In their further studies, Liu et al. indicated that ZP variants
in different ZP genes might have dosage effects on ZP for-
mation, as their study showed that a patient with abnormal
ZP carried a heterozygous mutation in ZP2 (c.2092C>T)
and a heterozygous mutation in ZP3 (c.1045_1046insT). The
patient’s mother, who carried the heterozygous mutation in
ZP3 but no mutations in ZP2, was asymptomatic. Their con-
clusion was confirmed via a mouse model [34-36]. Dai et al.
reported two homozygous mutations in ZP2 (c.1695-2A>G,
and c¢.1691_1694dup, respectively), with both mutations
being able to cause a frameshift and introduce a premature
termination codon at the same site in mRNA (p.C566Wfs*5)
and produce a truncated ZP2 protein. In their study, both
patients exhibited thin ZP of oocytes, which led to a defi-
ciency of sperm-binding as well as IVF failure [2].
Additional studies have reported novel mutations of the
ZP2 and/or ZP3 gene, validating mutation impacts by CHO
cells. Zhou et al. reported that a homozygous mutation
(c.1115G>C, p.Cys372Ser) in the ZP2 gene caused thin ZP
and a heterozygous mutation (c.763C>G, p.Arg255Gly) in
the ZP3 gene caused ZP free. In both cases, the patients
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Fig.5 Mutation affects the expression and splicing of the ZP2
pre-mRNA. a Left = Western blot of wild-type and mutant ZP2
in HEK293T cells; right = statistical analysis showed that the
V611F mutation in ZP2 significantly decreased its protein expression
level (n = 5; p < 0.05 was considered to be significantly different,

suffered from recurrent IVF failure. Further studies in
CHO cells demonstrate that mutant ZP2 protein cannot be
secreted, while the interaction between ZP2 and the other
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p < 0.01 was highly significantly different, **represents p < 0.01.).
b Diagram of the influence of splice site mutation of ¢.1695-2A>G.
¢ Sanger sequencing of the PCR products of RT-PCR showed an
extra sequence of 61 bp in the mRNA of ZP2 caused by the splice site
mutation

three types of ZP proteins was not affected. Moreover, the
R255G mutation in the ZP3 gene seems to not affect pro-
tein secretion but could enhance binding to the other three
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wild-type ZP proteins [9]. Chen et al. reported a novel hete-
rozygous deletion mutation in the ZP3 gene (c.565_579del,
p.-Thr189_Gly193del) of an EFS patient, which could
decrease the expression of the ZP3 protein in CHO cells
[37]. Furthermore, a study by Yang et al. identified two
novel heterozygous variants of the ZP2 gene (c. 1925G>A,
p-R642Q and c. 1856T>A, p.I619N) in two patients suf-
fering from EFS caused by oocyte degeneration. By study-
ing CHO cells, they speculated that the p.R642Q mutation
could increase the molecular weight of uncleaved ZP2
protein and that the p.I619N mutation may affect protein
secretion; the ZP2 protein level was increased in the cell
lysate but decreased in the medium [27]. Sun et al. identi-
fied a homozygous frameshift mutation in the ZP2 gene
(c.1235_1236del, p.Q412Rfs*17) in patients with thin ZP.
Studies in CHO cells indicate that the frameshift variation
could produce a truncated ZP2 protein with a low expres-
sion level, impeding the interaction between ZP2 and ZP3
[38].

There were two additional studies in our laboratory
regarding ZP mutations. Luo et al. reported that a compound
mutation in the ZP2 gene (c.860_861delTG, p.Val287fs,
and ¢.1924C>T, p.Arg642Ter) led to the production of a
truncated ZP2 protein in a female who was diagnosed with
primary infertility and exhibited thin ZP [17]. Furthermore,
Zhang et al. sampled a patient with EFS due to a heterozy-
gous mutation (c.518C>G, p.Ser173Cys) of the ZP3 gene;
the S173C variation did not affect the expression in the cell
lysates but impeded the interaction between ZP2 and ZP3
[39]. Taken together, it is clear that variants in the ZP2 or
ZP3 gene could affect its protein expression, secretion, or
interaction with wild-type ZP proteins, influencing the nor-
mal function of ZP and causing infertility in females.

Patients with ZP mutations may overcome infertility by
ART. In a consanguineous family reported by Dai et al., two
infertility females carried the homozygous splicing muta-
tion in the ZP2 gene (c.1695-2A>G). The elder sister was
30 years old and had 10 years history of primary infertility
and the younger sister was 28 years old and had a 3-year
history of infertility. Only the younger sister received ARF
treatment and in the first cycle of IVF, there were no oocytes
fertilized, and 8-cell embryos were obtained through ICSI
but failed in implantation in the initial attempt, and in the
following FET cycle, two vitrified blastocysts were used and
eventually resulted in a successful pregnancy [2]. And, in a
family with two sisters carrying a homozygous mutation in
the ZP2 gene (c.1115G > C, p.Cys372Ser), the elder sister
was 34-year-old and had a 6 years history of primary infer-
tility; she received four IVF/ICSI cycles (specific informa-
tion of this patient was not available) and only obtained a
poor-quality embryo but led to a successful pregnancy. The
younger sister was 33-year-old and had a 10 years history
of primary infertility; she received three IVF attempts but

failed pregnancy [9]. There was also a patient with heterozy-
gous mutation (¢.326G>A, p.Argl09His) in the ZPI gene
who exhibited a lack of ZP. The patient was 29-year-old and
had a 4 years history of primary infertility but eventually
successfully delivered a baby after undergoing ICSI [30].

In fact, the universally established protocol of the IVF-
ICSI cycle may not solve rare events of primary infertil-
ity [40]. For example, during the IVF cycle, oocytes may
present empty zona pellucida (EZP) caused by operations
during oocyte retrieval or the ZP1-4 genes mutations. Thus,
genetic analysis of EZP patients is important, and these
patients should consider alternative IVF protocols, such as
mild stimulation protocols or natural IVF cycles [40]. There
was a case that could certify the importance of a proper
ICSI treatment cycle. A 35-year-old female patient carried
the homozygous mutation (c.706T>C, p.Cys236Arg) in the
ZP1I gene and suffered from infertility over 10 years. She
was successfully pregnant using “diagnostic ICSI (D-ICSI)”,
an ICSI cycle in her natural menstrual cycle and without
COH treatment to get development information of ZP-free
oocytes after sperm injection. Briefly, there were no oocytes
nor ZPs were observed after removal of the COCs in her first
IVF-ICSI cycle. Then, she further received “diagnostic ICSI
(D-ICSI).” A transvaginal ultrasound scan was performed
to measure the diameter of follicles and when the largest
follicle come up to 20 mm, the patient received HCG treat-
ment and oocyte pick-up was carried out 36 h later. Two
COCs were obtained and denudation by strippers, and even-
tually, one oocyte was obtained, although no polar bodies
or ZP was observed. ICSI was performed on this oocyte and
successfully fertilization and developed into the blastocyst
stage. Embryo transfer was not performed because of the
thin endometrium of the patient. And 2 months later, the
patient received therapeutic according to the results of the
D-ICSI; eight ZP-free oocytes were obtained and six 2PN
zygotes were observed after sperm injection; one embryo
was selected and administrated embryo transfer. The patient
was successfully pregnant and delivered a healthy baby [41].

Thus, the integrality of the ZP structure is critical for fer-
tilization. Excessive confirmation analysis and diagnosis for
unexplained primary female infertility with ZP abnormal-
ity should be performed, and patients with female infertil-
ity who carry ZP mutations may cause fertilization failure
in conventional IVF, and it is recommended to choose the
proper ICSI treatment cycle to improve the probability of
pregnancy.

In conclusion, we identified mutations in the ZP2 gene
and the ZP3 gene in three females with infertility. Our find-
ings expand the spectrum of ZP genes mutations and may
enhance the genetic diagnosis of infertility in females.
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